Exposure of cells of Schizosaccharomyces pombe to heat shock or osmotic upshift results in an increased level of neutral trehalase activity, which is responsible for hydrolysis of intracellular trehalose. We constructed S. pombe mutants lacking neutral trehalase activity by gene replacement at the newly defined ntp1 ؉ locus. Analysis of these mutants revealed that a twofold increase in trehalose accumulation, enhanced acquired thermoresistance, and marked salt tolerance characterized their ability to grow in liquid and solid media. Analysis of the expression of the trehalase gene under heat shock and osmotic upshift revealed the transcriptional activation of ntp1 ؉ in response to both stresses.
The function of neutral trehalase in yeasts is to control the intracellular concentration of trehalose, which plays an important role in the life of yeast. Considerable evidence over the last few years indicates that trehalose may serve both as a potential carbon and energy source and as a protectant metabolite able to counteract deleterious effects of environmental stresses (11, (22) (23) (24) . Rapid mobilization of this reserve carbohydrate is associated with growth resumption, suggesting that its energy supply function may be a critical factor in overcoming nutritional imbalance during stress. Heat shock enhances trehalase in Schizosaccharomyces pombe (7, 20) . Also, trehalase increases markedly upon the exposure of cells of the fission yeast to media containing high salinity levels, suggesting that this effect might be a component of the osmotic-stress response (9) . At present, the biochemical mechanisms responsible for these increases in S. pombe are poorly understood, although available evidence indicates that the heat shock-induced increase in trehalase might be due to a mechanism different from that underlying the response of trehalase under osmotic-stress conditions (9) .
In the budding yeast Saccharomyces cerevisiae the gene encoding the neutral cytosolic trehalase, NTH1, has been cloned and the gene product has been identified (2, 13) . Furthermore, S. cerevisiae mutants deficient in neutral trehalase activity have been characterized (16, 17) . In contrast, no similar tasks have so far been accomplished for the fairly unrelated fission yeast S. pombe. In this work we identify the gene encoding neutral trehalase in S. pombe and present some features of mutants lacking trehalase obtained by one-step gene disruption. Finally, the expression of the trehalase gene under heat and osmotic stress was also determined.
Disruption of the neutral trehalase gene from S. pombe. A search in nucleic acid databases disclosed a clone from an S. pombe cDNA library (GenBank accession no., D89273) with an insert of 1,537 bp which was highly similar to the 3Ј end of the coding region of S. cerevisiae neutral trehalase gene NTH1 (56% identity in the overall sequence) (13, 24a) . We considered that this sequence might be part of the coding region for the neutral trehalase gene of fission yeast. To check for this possibility, we first amplified by PCR the 1.5-kb fragment with 5Ј oligonucleotide GAA TCA CTG GGT TTG CTT and 3Ј oligonucleotide CGT AAG GGA ATA TTC GCC as the primers and genomic DNA from wild-type strain 972h Ϫ as the template. A 1.5-kb band was selectively amplified, gel purified, and later cloned into pGEM-T vector (Promega) to form pMTM-8. The insert was then sequenced to confirm sequence identity with the cDNA clone. To determine whether the cloned S. pombe fragment included part of the coding region for the neutral trehalase gene, an internal 0.6-kb region was replaced by the ura4 ϩ gene (Fig. 1A and B) and integrated via homologous recombination into haploid h ϩ and h Ϫ strains, since neutral trehalases do not appear to be essential for survival of yeasts (1, 13) . pMTM-8 was digested with BamHI and HindIII, thereby releasing an internal fragment of 673 bp from the cloned S. pombe sequence, which was replaced with the S. pombe BamHI-HindIII fragment containing the ura4 ϩ gene (10), thus creating plasmid pMTM-9. pMTM-9 contains the S. pombe ura4 ϩ gene flanked by 370 and 630 bp of the coding region of the trehalase gene at the 5Ј and 3Ј ends, respectively. This plasmid was linearized with BstXI and NcoI, releasing a 2.7-kb fragment (ntp1::ura4 ϩ ) that was gel purified and transformed into haploid strains JY742 (h ϩ ade6-M216 leu1-32 ura4-D18) (14) and MM-2 (h Ϫ ade6-M210 leu1-32 ura4-D18) (our stock) by the lithium acetate method (15) . Transformants were recovered at a high frequency on the basis of uracil prototrophy, and effective disruption of the putative neutral trehalase gene was verified by PCR and Southern blot hybridization ( Fig. 1C and D) . Two of these transformants were selected for further studies and designated MMT-3 (h ϩ ade6-M216 leu1-32 ura4-D18 ⌬ntp1::ura4 ϩ ) and MMT-8 (h Ϫ ade6-M210 leu1-32 ura4-D18 ⌬ntp1::ura4 ϩ ). Final proof that the selected sequence corresponded to the structural gene for neutral trehalase came from direct determinations of neutral trehalase activity for both control and disrupted strains ( Fig. 1E and F). Neutral trehalase activity increases in S. pombe following a glucose pulse (4, 5) or a heat shock (7, 20) . Accordingly, control strain JY742 showed a typical activation of neutral trehalase after each one of these treatments, whereas no activity was detectable at any condition in the disrupted strains. Thus, the sequence isolated from S. pombe is a part of a gene coding for the neutral trehalase. We have termed this gene ntp1 ϩ (for neutral trehalase of S. pombe) and will refer to it in this way hereafter. The possibility that ntp1 ϩ encodes a regulatory factor instead of being the structural gene for trehalase is highly unlikely in view of the sequence identity to part of the coding region of NTH1 by which the initial clone was selected.
Properties of ntp1 ؉ -disrupted mutants. The ntp1 ϩ gene is not essential for the viability of S. pombe. Growth rates in a range of 25 to 37°C were found to be similar for control and ntp1 ϩ -disrupted strains. Also, under standard growth conditions (27°C), the doubling time for control JY742 and trehalase-less MMT-3 and MMT-8 strains was close to 181 Ϯ 2.3 min. when the strains were cultured in rich medium (yeast extract plus supplements [YES] ) and was 203 Ϯ 3.6 min when the strains were grown in minimal medium (15) . Although trehalase mutants of S. cerevisiae grow poorly on glycerol (16), we did not find a similar behavior for ⌬ntp1 ϩ strains of S. pombe. Similarly, no significant differences in mating and
FIG. 2. Sensitivity of ntp1
ϩ -disrupted strain MMT-3 (F) to a thermal shock at 48°C for the times indicated after a conditioning pretreatment (37°C, 60 min). Acquired thermotolerance is indicated by the survival fraction (viability), which is calculated as a percentage relative to the survival of control samples that received no heat treatment. Results represent the mean values Ϯ standard deviations from three independent experiments. In some cases error bars are omitted because deviations were so small that they fell within the corresponding symbols. For comparison, strains PBU13 (h ϩ ade6-M216 leu1-32 ura4-D18 ⌬tps1::ura4 ϩ ) (s) and JZ636 (h ϩ ade6-M210 leu1-32 ura4-D18 ⌬pka1::ura4 ϩ ) (‚) and control strains JY742 (ᮀ) and MMT-4 (h ϩ ade6-M216 leu1-32) (E) were examined in a similar manner. a Mid-exponential-phase cultures growing on YES medium were extracted for trehalose content measurement before and after either a 60-min treatment at 40°C (heat shock) or the addition of 0.75 M NaCl (osmotic stress).
b Values are means Ϯ standard deviations of at least three independent determinations for each strain. sporulation frequencies between wild-type cells and trehalaseless mutants were observed. To examine if the ntp1 ϩ gene product was essential for spore germination, mutant strain MMT-3 was crossed with wild-type strain MM-2 and diploids were isolated in minimal medium without adenine. Sporulation was performed in malt extract (ME) medium, and spores were purified by glusulase treatment (15) . Random spore analysis using uracil prototrophy as a marker yielded a 2:2 segregation for this characteristic. Therefore, unlike the tps1 ϩ gene (3), the ntp1 ϩ gene is not essential for spore germination in S. pombe. In addition, disruption of the ntp1 ϩ gene was without noticeable effect on cell morphology.
Measurement of intracellular trehalose (8) indicated that ntp1
ϩ -disrupted cells from mid-log-phase cultures contained about twice the amount of trehalose present in control cells (Table 1) . Furthermore, trehalose accumulated both in wildtype control and mutant strains following a temperature increase (7). The disaccharide was also overproduced by increasing the salt concentration of the medium (Table 1) , a result which is in agreement with increased tps1 ϩ transcription during the osmotic-stress response (6) . Trehalose hyperaccumulation in ⌬ntp1 cells was paralleled by a relative increase in induced thermotolerance compared with control cells (Fig. 2) but not in intrinsic thermotolerance to heat (i.e., direct resistance at 48°C), which slightly decreased in both fermenting and nonfermenting conditions (data not shown). Figure 2 includes comparative determinations of viability for heat-hypersensitive strain PBU13 (⌬tps1::ura4 ϩ ) and heat-resistant strain JZ636 (⌬pka1::ura4 ϩ ) (8, 18) . Loss of trehalase function was also accompanied by enhanced recovery from osmotic stress and better adaptation for growth in both liquid and solid minimal and rich media supplemented with NaCl (Fig. 3) . These results suggest that trehalose may contribute to cell survival not only as a thermoprotective agent during a temperature upshift (7, 18) but also as an osmolyte during osmotic adjustment.
Stress conditions induce transcription of the trehalase gene. Previous work has established that exponentially growing cells of S. pombe in rich medium increase notably their basal values of neutral trehalase activity when subjected to either heat shock treatment (7, 20, 21) or osmotic stress (9) . We addressed this issue by investigating whether the increment in trehalase activity includes transcriptional control. The internal 0.673-kb BamHI-HindIII fragment from the ntp1 ϩ gene (Fig. 1A) was labelled with [␣-32 P]dCTP and used as a probe to analyze the expression of trehalase under normal and stressed conditions. First, we determined the size of the ntp1 ϩ mRNA in wild-type strain 972h
Ϫ . A single transcript of approximately 2.3 kb was detected by Northern blot hybridization (19) in cells exponentially growing in YES medium (Fig. 4, zero time) . This mRNA species was absent when total RNA from ⌬ntp1::ura4 ϩ strains was analyzed (data not shown). The basal level of expression of the ntp1 ϩ gene was relatively low compared with that of the leu1 ϩ gene, which was used as an internal control (12) . Contrary to what happens in S. cerevisiae (25) , trehalase activity in S. pombe increases under osmotic-stress conditions (9) . Northern blot analysis of the expression of trehalase in S. pombe during thermal or saline stress revealed that the levels of ntp1 ϩ mRNA were increased by each of these treatments (Fig. 4) . Moreover, taking into account earlier observations (8, 9) , we found that during heat shock or osmotic stress the levels of trehalase mRNA and enzyme activity are modulated together, indicating a primary regulation at the transcriptional level. These results are clearly at variance with a model of trehalase activation by heat shock regulated mainly at the posttranslational level (18) . Another interesting point of this study concerns the kinetics of ntp1 ϩ transcription, which were much slower during osmotic stress than during heat shock treatment under conditions of maximal induction. The former triggered a steady increase in the level of ntp1 ϩ mRNA that lasted for about 2 h, while the latter resulted in maximum expression 30 min after the temperature upshift (Fig. 4) . This might be taken as further indication that signalling pathways regulating the expression of ntp1 ϩ operate through different mechanisms in each case.
The apparent contradiction that heat and salt stresses increase expression of ntp1 ϩ while disruption of the gene increases tolerance can be explained by taking into account the fact that under such conditions tps1 ϩ transcription is greatly enhanced and a net increase in trehalose occurs (6, 18) (this study). Lack of a functional ntp1 ϩ gene would thus favor the accumulation of trehalose, which is known to function as an stress metabolite (23, 24) .
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FIG. 4. Expression of the ntp1
ϩ gene in S. pombe 972h Ϫ (wild type) increases during heat (⌬T) and osmotic (⌬OS) stress. The cells were grown in YES medium to mid-log phase (zero time) and were heat shocked (40°C) or osmotically shocked (0.75 M NaCl) for the times indicated (in minutes). Total RNA was extracted from each sample, and 20 g was applied to each lane in a 1.5% agarose-formaldehyde gel. The denatured RNAs were transferred to a nylon membrane and hybridized with ntp1 
